The repetitive elements of medaka (Oryzias latipes) are poorly characterized in spite of recent rapid progress in the medaka genome analysis. Here we report the characterization of the repetitive elements in the major histocompatibility complex (MHC) class I region, which spans about 400 kb and is one of the best characterized regions of the medaka genome. Microsatellite, low complexity regions, transposable elements, and other repeats occupied 0.68, 0.98, 7.0 and 2.9%, respectively, of the MHC class I region. Eleven transposable elements, three LTR-type, six LINE-type and two DNA-type, including several novel ones, were identified. Genomic Southern hybridization analysis indicated that these LINE-type and DNA-type elements have many copies in the medaka genome, whereas the LTR-type elements have only several copies. The comparison of the medaka MHC class I region with those of zebrafish and fugu shows the presence of three medaka lineage-specific tandem duplications of the PSMB (proteasome b-type subunit) 8 and class Ia genes. Since eight of the 11 transposable elements were located in this region, these elements may have played a role in the medaka-specific DNA rearrangement.
Introduction
Medaka (Oryzias latipes), a small fresh-water fish endemic to eastern Asia, has been studied for more than 100 years at the physiological, embryological and genetic levels (Wittbrodt et al., 2002) . Recently, it is emerging as an important model fish, together with zebrafish, for molecular genetic studies (Ishikawa, 2000; Wittbrodt et al., 2002) due to the establishment of inbred strains (Hyodo-Taguchi and Sakaizumi, 1993) , the development of transgenesis protocols (Ozato et al., 1986) , the establishment of a detailed linkage map (Naruse et al., 2000) , and construction of BAC libraries (Matsuda et al., 2001 ). These advancements have facilitated the positional cloning of mutant phenotypes (Fukamachi et al., 2001; Kondo et al., 2001; Loosli et al., 2001) . Moreover, large scale sequencing of medaka genome by both the whole genome shotgun strategy and the BACbased strategy is in progress (Naruse et al., 2004) . However, information on repetitive elements in the medaka genome is still limited.
Repetitive elements in the eukaryotic genome are divided into three classes, low-complexity regions, microsatellites and transposons. There are two major classes of tansposons. The class I transposons (retroelements) transpose via an RNA intermediate in the copy and paste fashion, whereas the class II transposons move as DNA molecules into another site of the host genome in the cut and paste fashion. Retroelements are further subdivided into short interspersed nuclear elements (SINEs), long interspersed nuclear elements (LINEs), and long terminal repeats (LTR) elements. LINEs, also called non-LTR retrotransposons, do not possess flanking long duplicated sequences like those found in LTR retrotransposons. While until recently systematic analysis of repetitive elements in non-mammalian vertebrates has not been performed, a draft genome sequence of the fugu (Takifugu rubripes) (Aparicio et al., 2002) and the ongoing zebrafish genome project have provided genome-wide information on the teleost repetitive elements. For medaka, genome-wide sequence information is still missing, and only several repetitive elements, both RNA-mediated elements and DNA-based elements, have been reported individually (Koga et al., 2002; Volff et al., 2001a Volff et al., ,c, 2000 Volff et al., , 1999 . Thus, there are still many repetitive elements to be identified in the medaka genome.
The major histocompatibility complex (MHC) spans about 4 Mb in the human genome, and contains many immunologically important genes (Consortium, 1999) . The MHC is conventionally divided into three regions; class I, II, and III (Klein, 1986) . The genetic linkage among the MHC class I, II and III genes generally has been conserved during vertebrate evolution, from cartilaginous fish to mammals (Flajnik and Kasahara, 2001; Terado et al., 2003) . Since cartilaginous fish are the most primitive vertebrates to possess the MHC, linkage among the MHC class I, II and III regions is considered to be ancestral. Teleosts are the only exceptions to this rule, and in all teleost species so far studied these three regions are not genetically linked (Bingulac-Popovic et al., 1997; Hansen et al., 1999; Naruse et al., 2000; Sato et al., 2000; Wiegerties et al., 1997) . Thus, at least the MHC region seems to have experienced extensive genomic reorganizations in a common ancestor of teleosts. The possible involvement of repetitive elements in these reorganizations is an intriguing problem to be pursued. Even in teleosts, however, some genes involved in class I antigen presentation have preserved their linkage, defining the teleost MHC class I region. We have sequenced about 430 kb of the medaka MHC class I region, and found that eight genes directly involved in the class I antigen presentation process form a tight and uninterrupted stretch (Matsuo et al., 2002) . These genes are two classical class IA genes, four immunoproteasome subunit genes, a transporter associated with antigen presentation (TAP) gene and a tapasin gene. There is an intimate functional linkage among these genes, since antigenic peptides generated from intracellular proteins by immunoproteasomes are transported into the ER lumen by TAP transporters and are loaded onto class I molecules under the help of tapasin (van Endert, 1999) . From the structural viewpoint, however, these molecules are totally unrelated except for a weak structural similarity between class I alpha chain and tapasin. Thus, the medaka MHC class I region provides us with an intriguing example of the linkage among functionally linked, but structurally unrelated genes. For better understanding of the composition and evolution of the medaka MHC class I region, here we analyzed the repetitive elements in this region, and identified several novel transposable elements.
Results

Repetitive elements in the medaka MHC class I region
We scanned for repetitive elements from the recently published sequence of the medaka MHC class I region (Matsuo et al., 2002) with the program Repeatmasker using the database of lower vertebrates including the recent data of fugu and zebrafish. Microsatellites and low complexity regions occupied 0.68 and 0.98%, respectively, of the MHC class I region. In addition, transposable elements, both retroelements and DNA transposons, and other repeats occupied 4.6 and 2.9%, respectively, of this region. All three types of retroelements, SINEs (0.6%), LINEs (1.6%) and LTR (0.6%), were identified in this region. Only two types of repeats in the LTR family existed in this region.
Novel transposable elements in medaka
Although information on the repetitive elements of teleosts is accumulating, mainly due to the fugu genome analysis (Aparicio et al., 2002) , still it is limited compared to mammals. Therefore, it is highly probable that the Repeatmasker analysis underestimated repeat contents due to lack of information on fish repetitive elements. To identify novel elements in this region, the medaka MHC class I region was divided into 10 kb units, and each unit was searched for any significant homology to known sequences in the databases with BlastX and BlastP. By comparing deduced ORFs to previously identified transposable elements, 11 transposable elements were identified, which occupied 29888b or 7.0% of the medaka MHC class I region. Conserved domains and other features such as flanking regions were summarized in Fig. 1 . They were classified into three groups, based on the homology to the known elements. This classification was further confirmed by the identification of diagnostic structures such as LTR, reverse transcriptase and transposase. Among 11 elements, three were LTR retrotransposons, six were non-LTR retrotransposons (LINEs), and the other two were Tc1-like transposons (DNA transposable elements). We categorized these transposons as follows: LTR retrotransposons as LReO (LTR retroelement Oryzias)-1, 2, 3; non-LTR retrotransposons as ReO (non-LTR retroelement Oryzias)-1, 2, 3, 4, 5, 6; and DNA transposons as DNA transposable element Oryzias (DeO)-1, 2. Except for LReO3 and ReO6, potential coding sequences of all elements shown in Fig. 1 contained in-frame stop codons or frameshift mutations. LReO3 was comprised of coding sequences for a leucinerich region, a retroviral aspartyl protease, an integrase, a reverse transcriptase, and the flanking LTR. ReO6 consisted of AP-endonuclease 1 and reverse transcriptase. DeO1 and DeO2 encompassed a region similar to the conserved sequence for transposase-5 of the Tc1-like transposon. Inverse repeats typically found in DNA transposons flanked DeO2. LReO1 contained a region homologous to DUF57, an archebacterial protein family with no known function, and ReO1 showed homology to the retrovirus-related leucine zipper protein p40 identified in the 5 0 region of human retrotransposon L1.1. A phylogenetic analysis based on the amino acid sequences of the reverse transcriptase domain (Fig. 2) indicated that LReO1and LReO3 form a monophyletic cluster with the known LTR retrotransposons such as fly Gypsy and fugu Sushi. The other five reverse transcriptase domains of medaka were classified into the non-LTR type (Fig. 2) . Several transposable elements have been identified in the medaka so far. Swimmer, Rex 1, 3, 6 and Poseidon are non-LTR retrotransposons (Duvernell and Turner, 1998; Volff et al., 2001a Volff et al., ,c,d, 2000 , and Tol2 is a DNA transposon (Koga et al., 1996 (Koga et al., , 1999 . Besides a short sequence near the ABCB3 gene (Fig. 3) that showed similarity to a part of Swimmer1 (data not shown), these previously identified medaka transposable elements were not found in the MHC class I region.
Distribution of repetitive elements in the medaka MHC class I region
The distribution of these 11 transposable elements in the medaka MHC class I region is shown in Fig. 3 . Eight elements containing these three families of transposable elements (DNA, LTR and non-LTR RNA) were detected in the , 100 kb region harboring the PSMB8 and MHC class Ia genes and their truncated pseudogenes. As shown in Fig. 3 , this region contains three pairs of the PSMB8 and class Ia genes in the tail to tail configuration (PSMB8 and cclass Ia, cPSMB8 and OrlacI-S2, and cPSMB8
and OrlacI-S1), indicating that two rounds of tandem duplication of the PSMB8-class Ia gene pair and the following truncation of some of the duplicated genes occurred in this region. Repeatmasker detected many small fragments of the possible transposable elements in this region (Fig. 3) , suggesting that these transposable elements and their small fragments played some role in the process of tandem duplication and/or deletion.
Copy number of the repetitive elements in the medaka genome
The copy number of these 11 transposable elements in the medaka genome was investigated by Southern blot hybridization using a partial sequence of each element as a probe (Fig. 4) . The sequences used as probes are shown in Fig. 1 . Under the stringent hybridization/washing conditions, all ReOs except for ReO1and two DeOs detected smears, indicating that they are present in many copies. All of the LReOs and ReO1 probes detected several bands, indicating that their copy number is limited in the medaka genome. The two inbred strains, HNI and Hd-rR derived from northern and southern Japanese populations of medaka, respectively, did not show significant difference in copy number of these elements. Maui is the most widespread interspersed repeat in fugu, and Rex1 was estimated to be present in 2000 copies in the fugu genome (Aparicio et al., 2002) . Upon phylogenetic analysis (Fig. 2) , ReO2 and ReO5 formed a clade with fugu Maui, and ReO6 formed a clade with Xiphophorus Rex1. Thus, all bony fish analyzed to date have a high copy number of this type of non-LTR retroelements.
Discussion
In the present study, the 430 kb medaka MHC class I region was surveyed for interspersed repetitive elements, both simple repeats and transposable elements. Microsatellites, low complexity regions, transposable elements and other repeats occupied 0.68, 0.98, 7.0 and 2.9%, respectively, of this region (in total 11.6%). Since the content of repetitive sequences in the entire fugu genome was estimated to be , 15% (Aparicio et al., 2002) , this value is comparable. However, these values may be underestimates, since information on fish repetitive elements is still limited, making it likely that many repetitive elements were overlooked by the present search.
Eleven transposable elements were identified in the medaka MHC class I region. Both the ReO1 and DeO1 transposons were found in intron 1 of OrlacI-S1, the MHC class I alpha chain gene (Fig. 3 ). An insertion of a transposable element into the class I alpha chain gene was also reported in rainbow trout (Shum et al., 1999) . However, in that case, the Tc1-like transposable element, SALT1 was inserted in the third intron of the trout UAA*0101 gene. Thus, these transpositions occurred independently in medaka and trout. Inter-species comparison of the MHC class I region of teleosts, medaka, fugu and zebrafish, indicated that the basic gene order and orientation are highly conserved among these species (Matsuo et al., 2002) . However, the classical class IA genes and their close vicinity are highly divergent among these species, and this region of medaka spanning about 100 kb show triplication of the pair of the PSMB8 and MHC class IA genes or their truncated pseudogenes. Out of 11 transposable elements identified in this paper, eight are present in this region. In addition, many fragments of possible transposable elements were observed near the three pseudogenes (Fig. 3) , suggesting that these transposable elements were involved in the process of the regional duplication and/or deletion in the medaka lineage.
As for LTR elements, all the five major groups (BEL, Ty1, DIRS1, Ty3, Retroviral) were identified in the fugu genome (Catch, Kopi, FrDIRS1, Sushi, FERV-R) (Aparicio et al., 2002) . In the medaka MHC class I region, two members of Ty3/Gypsy (LReO1 and LReO3) and small fragments of the Ty3/Gypsy and the Retroviral-type repeat sequence (VIRDR1) were detected. The Ty3/Gypsy fragment resided in the LReO3 sequence, and the VIRDR1 fragment between LReO1 and OrlacI-S1 (data not shown). According to Goodwin and Poulter, LReO3 is a member of Gmr1 (Goodwin and Poulter, 2002) . Gmr1 has pol domains in the same order as in Ty1/copia elements, yet sequence Fig. 2 . Phylogenetic classification of medaka retroelements based on the reverse transcriptase domain. Phylogenetic analysis was performed using the conserved sequences of the reverse transcriptase domain as described (Xiong and Eickbush, 1990) . Alignments of amino acids sequences were performed with ClustalW, and the phylogenetic tree was constructed by the neighbor-joining method. The numbers at the branch points represent bootstrap values per 1000 trials. Ty1, Mag, Jule, Sushi and Gypsy belong to the LTR retrotransposon, and the others are non-LTR retrotransposons. Accession numbers are; Sace_Ty1, NP_058181; Bomo_Mag, S08405; Taru_Sushi, AAC33526; Drme_Gypsy, AAA70219; Crfa_Cre2, AAB40036; Taru_Maui, AAD19348; Hosa_L1H, B28096; Orla_SW1, AAD02928. The following data are referred to the published papers: Xima_Jule, (Volff et al., 2001b) ; Taru_Poseidon, (Volff et al., 2001a) ; Orla_Rex6, (Volff et al., 2001c) ; Xima_Rex1_XimJ1, (Volff et al., 2000) .
comparisons clearly showed that the element was a member of the Ty3/Gypsy group (Butler et al., 2001 ). The copy number of the LTR elements in the medaka genome seems to be very low. All three types of LTR elements found in the MHC class I region had only several copies in the Hd-rR and HNI genomes (Fig. 4) . Similarly, in the fugu genome, BEL/PAO, Ty1/Copia, DIRS1, Retroviral (Catch, Kopi, FrDIRS1, FERV-R) families have low copy numbers, and only Ty3/Gypsy (Sushi of fugu) is exceptionally widespread. Thus, most LTR retrotransposons seem to be present in low copy number in teleosts.
Six non-LTR retrotransposon were categorized based on homology to the known repetitive elements; three LINEs identified in the medaka MHC class I region, ReO2 and ReO5 similar to Maui of fugu (Poulter and Butler, 1998) and ReO6 similar to Rex1 of platyfish (Volff et al., 2000) . ReO3 and ReO4 have low homology to the known retrotransposons, and thus are considered to belong to a new category of non-LTR retrotransposable elements. ReO4 is found also in the intron between the sixth and seventh exons of guanylyl cyclase OLGC1 (accession number; AB021490). Inter-species and intra-species (Matsuo et al., 2002) are shown in the lower part. In both upper and lower parts, genes with the transcriptional direction from left to right are shown above the line, and those from right to left are below the line. The line with double arrowheads indicates the ,100 kb highly variable region among teleost species. comparisons of the medaka MHC class I region indicated that classical class IA genes and their close vicinity are evolving not simply by nucleotide substitutions, but by extensive DNA rearrangements such as insertion, deletion and duplication (Matsuo et al., 2002; Tsukamoto et al. unpublished data) . This analysis showed the accumulation of the transposable elements and their fragments in this region. Further analyses of the allelic polymorphism of the MHC class I region in the wild population are expected to reveal possible involvement of repetitive elements in these DNA rearrangements.
Experimental procedures
Genomic sequence of the medaka MHC class I region
The nucleotide sequence of the medaka MHC class I region determined using two BAC clones 187N22 and 188P8 from the Hd-rR strain has been used for the present analysis (425,862 bp long; AB073376 and AB073377) (Matsuo et al., 2002) .
In silico analysis of the medaka MHC class I region
Repeat, microsatellite, and low-complexity regions were detected with Repeatmasker (Smit and Green, http:// repeatmasker.genome.washington.edu/cgi-bin/Repeatmasker) against the latest Repbase database updated for all currently available teleost data. To find novel transposable elements, the medaka MHC class I sequence was searched for homologies to known data using the BLAST program (Altschul et al., 1997) . Coding sequences were predicted employing the GrailEXP against the Refseq/HTDB/dbEST/ EGAD/Riken database (http://grail.lsd.ornl.gov/grailexp) and the GENSCAN gene prediction program (http://genes. mit.edu/GENSCAN.html).
DNA extraction
For genomic DNA analysis, the inbred strains, Hd-rR and HNI, derived from the southern and northern Japan populations, respectively, were used. After anesthetizing animals by immersion in ice water, the muscle layer was obtained from decapitated and skinned fish. The muscle layer from one individual was soaked in 100% ethanol, minced and suspended in 1 ml of protein digestion solution (300 mM NaCl, 50 mM Tris-HCl, 20 mM EDTA, 0.1% SDS). Proteinase K and RNase A were added to 100 and 50 mg/ml, respectively, and digestion was performed at 50 8C for 3 h. The reaction mixture was extracted with phenol/chloroform and then chloroform. DNA in the separated water phase solution was ethanol-precipitated, and was dissolved into TE buffer. Purified genomic DNA solution was stored at 4 8C until use.
Southern hybridization
Two micrograms of genomic DNA was digested to completion with Hind III, electrophoresed through a 1% agarose gel, and transferred to a nylon membrane. Membrane was prehybridized for 10 min at 65 8C in 3 £ standard sodium citrate (SSC; 1 £ SSC is 150 mM NaCl, 15 mM sodium citrate), for 20 min at 65 8C in 3 £ SSC, 1 £ modified Denhardt's solution (0.2% each of ficoll, polyvinyl pyrolidone, and bovine serum albumin), and for 30 min at 65 8C in hybridization buffer (1 £ modified Denhardt's solution, 1 M sodium chloride, 50 mM Tris -HCl, 10 mM EDTA, 0.1% sodium dodecylsulfate (SDS), and 0.1 mg/ml denatured salmon sperm DNA). Then, the treated membrane was hybridized at 65 8C for 18 h with the biotin labeled probes for each repetitive sequence (Random Primer Biotin labeling Kit with Streptavidin-AP, NEN). The membrane was washed twice for 30 min at 65 8C in 0.1 £ SSC, 0.1% SDS. Signal was detected by chemiluminesence (CDP-Star, NEN), and all procedures for signal detection were performed following the manufacturer's protocol (Random Primer Biotin labeling Kit with Streptavidin-AP, NEN).
Phylogenetic analysis
Multiple sequence analysis of repetitive sequences was carried out using ClustalW software and phylogenetic trees were constructed using the ClustalTree program, based on the neighbor-joining method (Higgins et al., 1992; Saitou and Nei, 1987; Thompson et al., 1994) .
